In the absence of breast-feeding and its immunomodulatory factors, supplementation of starter infant formula (IF) with probiotics is currently used to support immune functions and gut development. AIm: To assess whether immune-related beneficial effects of regular dose (10 7 CFU/g of powder) of the probiotic Bifidobacterium lactis CNCM I-3446 (hereafter named B. lactis) in starter IF supplementation can be maintained with starter IF containing a low dose (10 4 CFU/g of powder) of B. lactis. method: This trial was designed as a pilot, prospective, double-blind, randomized, single-center clinical trial of two parallel groups (n = 77 infants/ group) of C-section delivered infants receiving a starter IF containing either low dose or regular dose of the probiotic B. lactis from birth to six months of age. In addition, a reference group of infants breast-fed for a minimum of four months (n = 44 infants), also born by C-section, were included. All groups were then provided follow-up formula without B. lactis up to 12 months of age. Occurrence of diarrhea, immune and gut maturation, responses to vaccinations, and growth were assessed from birth to 12 months. The effect of low-dose B. lactis formula was compared to regular-dose B. lactis formula, considered as reference for IF with probiotics, and both were further compared to breast-feeding as a physiological reference. results: Data showed that feeding low-dose B. lactis IF provides similar effects as feeding regular-dose B. lactis IF or breast milk. No consistent statistical differences regarding early life protection against gastrointestinal infections, immune and gut maturation, microbiota establishment, and growth were observed between randomized formula-fed groups as well as with the breast-fed reference group. conclusIon: This pilot study suggests that supplementing C-section born neonates with low-dose B. lactis-containing starter formula may impact immune as well as gut maturation similarly to regular-dose B. lactis, close to the breast-feeding reference.
Introduction
Neonates represent a particularly vulnerable population suscep tible to infections due to the immaturity of their immune system. 1 At the time of birth, they move from an almost sterile environment within the maternal uterus into a world teeming with bacteria. Within the first days of life, mucosal surfaces of the host, including the gastrointestinal tract as well as the respiratory tract, become colonized with different bacterial communities, 2, 3 comprising a large spectrum of commensal and potentially pathogenic microorganisms. This complex environment contributes to the maturation of the immune system, which is able to later on fight against many potential life-threatening infections. [4] [5] [6] In addition to microbial colonization, it has been demon strated that other postnatal factors, such as breast-feeding, are extremely important for the maturation of the immune system allowing its full functionality. [7] [8] [9] Interestingly, even if compounds of breast milk (BM) such as antibodies, cytokines, and growth factors can directly act on the developing gut-associated lymphoid tissues, 1 the impact of BM on immune maturation is also closely linked to its effects on the establishing microbiota. BM shapes the microbiota profile via a prebiotic effect of oligosaccharides or specific proteins that are able to favor beneficial gut colonization by lactobacilli and bifidobacteria. 10, 11 Indeed, recent findings have demonstrated that BM naturally contains small amounts of living bacteria that are transmitted to the infants. 12, 13 It is hypothesized that this postnatal natural bacterial inoculum is also a key for the programming of the neonatal immune system to establish oral tolerance and protection early in life. 14 In the absence of breast-feeding, supplementation of infant formula (IF) with probiotics is one of the strategies commonly considered to improve early life immunity. Series of publications have shown that administration of the probiotic Bifidobacterium lactis CNCM I-3446 (hereafter named B. lactis) at regular average doses of 10 9 CFU per day to newborns is able to promote early life immune development and improve gastrointestinal health. Indeed, a three-week supplementation with B. lactis in breast-fed (BF) preterm infants, mostly born by C-section, was shown to increase fecal IgA and reduce calprotectin production. 15 Moreover, the same intervention also modulated microbiota composition with an increase of bifidobacteria and a decrease of clostridia as well as enterobacteria. 16 In another study, feeding of C-section delivered full-term infants with IF containing B. lactis enhanced responses to polio and rotavirus vaccines over the six-week intervention period. 17 These effects of B. lactis feeding on immune and microbiota markers reflect a reinforcement of defenses that may lead to a beneficial impact on the outcomes of infection, such as lowering the risk of developing diarrhea. 18, 19 Considering the low amount of bacteria observed in human milk as described earlier, the present trial aims at exploring whether beneficial effects of B. lactis IF supplementation can be maintained in infants fed with IF containing a lowered dose of B. lactis, from regular dose 10 7 CFU/g of powder to low dose 10 4 CFU/g of powder. In order to provide optimal exploratory conditions to address the objectives of the study, C-section delivered newborns have been selected. This target population was chosen for two main reasons: (i) C-section born babies present a defect in the development of immune defenses leading to increased susceptibility to infections in the first months of life 20 and (ii) cesarean delivery induces an alteration in the early life microbiota composition, including a diminished and delayed bifidobacteria colonization in comparison to vaginally delivered babies. 21, 22 Thus, these newborns are expected to be more sensitive to nutritional intervention with different doses of bifidobacteria probiotics. methods clinical trial design. This trial was designed as a prospective, double-blind, randomized, single-center clinical trial of two parallel groups (low dose and regular dose of B. lactis). In addition, there was an observational reference group of BF infants followed from birth to 12 months. We considered the B. lactis regular-dose group as a reference for IF with probiotics in this study as compared to the exploratory low-dose IF group. Both groups were compared to the physiological BF reference group. This study was conducted by the team of Prof. C. Costalos in the Alexandra General Hospital, Athens, Greece, between June 2009 and March 2011. The trial was performed in accordance with the Declaration of Helsinki and compiled with good clinical practices as laid out in the International Conference on Harmonization guidelines. It was approved by the institutional ethics committees (the Board of Directors and the Scientific Council of the Alexandra General Hospital). Parents/legal guardians and investigators signed the informed consent.
Effect of Infant Formula Containing a Low Dose of the Probiotic Bifidobacterium lactis CNCM I-3446 on Immune and Gut Functions in C-Section Delivered Babies: A Pilot Study
All randomized infants received a starter IF (67 kcal/ 100 mL of reconstituted formula, 1.8 g of protein/100 kcal, developed at Nestlé Product Technology Center) which contains sufficient amounts of proteins, carbohydrates, fats, vitamins, and minerals for their normal growth from birth to six months. The study formulas contained either a low dose (3.7 ± 2.1 10 4 CFU/g of powder) or a regular dose (3.1 ± 1.4 10 7 CFU/g of powder) of probiotic B. lactis, depending on the allocated dose group, from birth to six months (Fig. 1, upper  part) . The two formulas were indistinguishable and were supplied in similar cans that were coded with letters and colors by the study sponsor (Nestlé). The B. lactis CFU counts were monitored in both products throughout the study. The IFs were provided to the parents during each study visit. Parents, investigators, support staff, and clinical project manager were blinded to the identity of the formulas. Then, from 6 to 12 months of age, these infants were given a follow-up formula without B. lactis (67 kcal/100 mL of reconstituted formula, 2.0 g of protein/100 kcal, developed at Nestlé Product Technology Center).
For the BF reference group, breast-feeding was recommended for a minimum of four months. Those infants who stopped breast-feeding before four months received a starter formula without B. lactis. At weaning, the same follow-up formula without probiotics, as for randomized groups, was given up to 12 months. study population. The protocol was planned to recruit a total of 160 infants (80 per formulation group). Healthy full-term C-section delivered newborns, infants who had a birth weight between 2500 and 4500 g, infants whose mothers had anticipated not to breast-feed or decided to stop breast-feeding within 24 hours after delivery, and those infants with written informed consent obtained from his/ her legal representative were enrolled within a maximum of 96 hours after birth.
Infants whose mothers intended to breast-feed from birth to at least four months were enrolled in a nonrandomized reference group.
Enrolled infants were vaccinated for diphtheria, Bordetella pertussis, polio, tetanus, and Heamophilus influenzae type B (HiB) (Pentavac, Sanofi Pasteur MSD, France) following the guidelines set by the Greek National Council for vaccinations of the Ministry of Health.
Infants were not enrolled in the study if they received a Rotarix® vaccine, were still BF beyond 24 hours (except for BF group), were expected to have problems with compliance, and were already participating in, or were from a mother currently participating or had participated in another clinical trial during the preceding three months prior to the inclusion in this study. measured outcomes. The primary outcome measure was prevalence of diarrhea, incidence of diarrhea, and total number of days with diarrhea over the study period (12 months). Diarrhea was defined as one day (24-hour period) with at least two to three watery stools. An episode of diarrhea was defined as at least one day of diarrhea followed by at least 48 hours without diarrhea.
Secondary outcomes were grouped as follows: Immune maturation: fecal Immunoglobulin A (IgA) at one week, one month, and four months after birth.
Gut maturation: fecal calprotectin and 1-antitrypsin at one week, one month, and four months after birth, adjusted for the baseline value.
Microbiota: total counts of Bifidobacteria and the presence of B. lactis in feces at four months after birth.
Immune responses to vaccines: Antibody responses at 7 and 12 months after birth to diphtheria, B. pertussis, polio, tetanus, and HiB. In addition, for HiB, the percentage of protective response, which was estimated as the proportion of subjects who reached the protective level, ie, HiB .1 µg/mL, 23 was also calculated.
Anthropometry: change in weight, length, BMI, and head circumference, during the first 4 months (1 week-4 months) and during the first year (1 week-12 months). Based on these data, z-scores were calculated for each subject and visit based on the EuroGrowth database. [24] [25] [26] Serious and nonserious adverse events (System Organ Class), as well as concomitant medication, were collected through the 12-month follow-up period. Adverse events were defined as any untoward occurrence in a patient or clinical investigation subject administered an investigational product and which does not necessarily have to have a causal relationship with this treatment. Adverse events are illnesses, signs or symptoms occurring or worsening, and/or abnormal laboratory findings during the course of the study. Adverse events include occasions when the subjects contact the investigator or their private physician and are examined or given medical direction. They may or may not lead to the withdrawal of the subject from the study. Total counts of bifidobacteria and the presence of B. lactis in feces were obtained from aliquots of ∼1 g of stool transferred into a cryotube of 5 mL and frozen ideally at −80 °C after addition of 10% glycerol. Measurements were performed following the AAT internal protocol for B. lactis detection (Advanced Analytical Technologies Srl) that consisted in plating of the samples on Bifidobacterium spp. selective medium, counting CFU before scraping of plates surface and recovery of grown colonies, cells disruption of the plates triplicate by means of Maxwell protocol_AAT procedure. This later allowed assessment of the presence of the probiotic B. lactis by strain-specific polymerase chain reaction (detection limit 10 3 CFU/g feces). Specific primers used were (Sequence 5′-3′): sense GAGCTGATCGACGACCTGAC and antisense CCGAGAAAATCTGGGATGAG.
statistics. Sample size. A total number of 160 infants (80 per randomized group) were planned to be recruited into the study. In addition, 30 infants were to be recruited in the BF reference group. The sample size was not determined by a formal power calculation given the exploratory nature of the study.
Randomization. Randomization was done by using an electronic program (TrialSys, developed by Nestlé) ensuring dynamic randomization via Internet with minimization technique.
Statistical methods. Primary outcome was analyzed in both the intention-to-treat (ITT) and per protocol populations, and secondary outcomes were analyzed in the ITT population. The ITT population consisted of all infants who were randomized and received any formula intake. The statistical significance level was set at 0.05, and no adjustment was applied due to the exploratory nature of the study. The effects of low dose versus regular dose of probiotic on diarrhea incidence, episode, and duration were analyzed using generalized linear Binomial model, Poisson model, and ANOVA, respectively. Outcomes of fecal IgA, gut maturation, vaccinations, and anthropometry parameters were compared between the two probiotic doses utilizing mixed models. Microbiota and morbidity data were analyzed using Fisher's exact test. Only descriptive statistics (mean ± SD or 25th-75th percentile) were used to compare data from randomized groups versus those from physiological BF reference group (no P values were calculated, comparison was made on numerical trends). results disposition of subjects. In total, 208 infants were recruited in the study. One hundred sixty-four infants were randomly allocated to either the low-dose (n = 84 infants) or regular-dose (n = 80 infants) B. lactis starter formula groups. In both groups, 77 infants actually started consumption of study product (Fig. 1) . All 44 infants recruited in the reference BF group started the study (Fig. 1) .
demographics and baseline data. Gender was equally distributed between the two randomized groups with just over 50% of males in each group (Table 1 ). In the BF group, 64% were males. At enrollment in the study (ie, randomization), the mean age was two days for the randomized groups with a range from zero to four days. The mean age at enrollment for the BF group was three days with a range from one to four days. All infants were in good health at birth with a median APGAR score $9, at 1, 5, and 10 minutes after birth. The median body weight at enrollment was the same for infants randomized in the low-dose and the regular-dose (2.9 kg) groups. The mean birth weight for the BF group (3.0 kg) was similar to the randomized group infants. The majority of randomized infants were not BF at all (87% and 74% for low-and regular-dose groups, respectively). Infants from the BF reference group were exclusively BF for an average of 5.3 ± 4.1 (SD) months. Primary outcome: diarrhea prevention. During the 12-month follow-up of infants, no statistically significant difference could be observed between the low and regular probiotic dose groups with respect to prevalence of diarrhea (20.8% vs. 23.4%, respectively, P = 0.70). Incidence (0.26 ± 0.57 episodes vs. 0.25 ± 0.46 episodes) or mean number of days with diarrhea per infant (0.72 ± 1.84 days vs. 1.17 ± 2.72 days) were also similar in both groups (P = 0.83 and P = 0.58, respectively; Table 2 ). No major difference could be seen as well between the randomized groups and the BF reference group regarding diarrhea status (prevalence: 18.2%; incidence: 0.30 ± 0.70 episodes; mean number of days with diarrhea: 1.09 ± 3.08 days). secondary outcomes. Immune and gut maturation. There were no statistically significant differences between the low-dose group and the regular-dose group with respect to fecal IgA, calprotectin, and α1-antitrypsin levels for any of the defined time points (one week, one month and four months after birth; Table 3 ). As expected, fecal IgA level was numerically higher in the BF reference group compared to IF groups. However, there was no difference between the randomized groups and the BF reference group for the two other markers.
Microbiota -total bifidobacteria counts and B. lactis detection in feces.
There was no statistically significant difference between the low-and regular-dose groups with respect to the total bifidobacteria counts in feces (median log CFU/g [with 25th/75th percentile] of 6.6 [5.8/7.5] and 6.7 [5.6/7.6], respectively, P = 0.78). There was also no substantial difference between the randomized groups and the BF group having a total bifidobacteria count of 7.1 (6.2/7.9).
Approximately 85% of infants randomized to the regulardose group were colonized with B. lactis, ie, with positive detection of B. lactis in their feces, while only 47% of them were positive in the low-dose group. This difference was statistically significant (P , 0.0001). Noteworthy, a background of 16% of positive detection was observed in the BF reference group.
Immune responses to vaccinations. There were no statistically significant differences between the low-dose and regular-dose groups, as well as between the two randomized and BF groups, with respect to the response to diphtheria and B. pertussis at any of the specified time points (7 and 12 months after birth; Table 4 ). Immune response to the tetanus vaccine was significantly higher in the regular-dose group compared to the lowdose group only at 12 months after birth, while no difference could be observed between the randomized groups and the BF group (Table 4) .
Regarding response to polio vaccination, no statistically significant difference could be observed between the low-and regular-dose groups at any of the specified time points (Table 4) . Absolute titer values of Ig response to polio vaccine in both IF groups appeared substantially higher than in BF infants.
Finally, immune response to the HiB vaccine appeared to be higher in the low-dose group than in the regular-dose group at 12 months after birth (Table 4) . When compared to BF infants, immune response to HiB was found to be noticeably higher in the regular-dose group at 7 months after birth, but this difference was not seen at 12 months. In the low-dose group, this difference was higher only when the infants were 12 months old, as it was the case for response to polio vaccine. Besides, 79.6% and 81% of the infants in low-dose and regular-dose probiotic, respectively, reached the protective level of HiB antibodies (ie, anti-HiB .1 µg/mL 23 ) at any time during the 12-month follow-up (P . 0.05; Table 4 ). Noteworthy, this protective level of antibodies against HiB was only reached by 59.1% of the BF infants.
Anthropometrics. No consistent significant difference in growth parameters could be observed between the low-and regular-dose groups (Fig. 2) . Compared with EuroGrowth database standards, infants in all groups grew normally throughout the study. Mean values for all growth measures through age four months were within 0.5 SD of the median value. 27 Serious adverse events. Serious adverse events reported throughout the study were ,5% in all groups (3.9%, 1.3%, and 2.3% for low-dose, regular-dose, and BF groups, respectively). No statistically significant difference was observed between the low-dose and regular-dose groups, as well as between the two randomized and BF groups.
discussion
We hypothesized that the beneficial effects on neonatal immune maturation might be achieved with a low dose of the probiotic B. lactis.
At this preliminary exploratory stage, we emphasized the comparison of low dose with regular dose, considered as reference for IF with probiotics, for which several earlier studies already support a functional effect on diarrhea and immune functions. 15, [17] [18] [19] 28, 29 Both formula groups were further compared to a BF physiological reference. In that regard, a group that was fed a formula without B. lactis was not considered in the study design. We recognize that this could represent a weakness in our study. However, we still believe that this approach will be useful to pave the way toward further research in this area. The number of diarrhea episodes, as well as total number of days with diarrhea, per infant per year, were comparable in the three arms of the present study. The observed low incidence of ∼0.25-0.3 reflects a discrepancy between data from observational studies (∼2.8 in Western Europe) 30 and the ones from interventional studies (0.2-0.5). 19 Moreover, the fact that the present study population was not attending day care centers may also account for the low incidence of diarrhea. Nevertheless, bringing together the recognized evidence that breast-feeding protects against diarrhea 31 and the previously documented beneficial effect of regular dose of B. lactis in reducing incidence/duration of diarrhea in infants, 18, 19, 28, 29 it may be postulated that low dose of B. lactis in starter IF may also provide benefit in such a population of neonates. Note that full assessment of noninferiority between both formulas would have required a sample size of 5421 infants per group as retrospectively calculated from the results of this pilot study with a statistical power of 80% and a noninferiority margin of 10%.
Regarding immune maturation, no difference could be observed in intestinal IgA production, measured as fecal IgA, between both randomized groups at any of the defined time points. As the effect of a regular dose of B. lactis in increasing fecal IgA production has been previously reported, 15 one can hypothesize that low-dose B. lactis might be as efficient as regular dose in promoting neonatal gut immune maturation. The relatively poor gut microbial environment in C-section born babies may have offered a favorable niche for low amount of bacteria to exert their function.
Moreover, plausibility of the effect of low-dose B. lactis could be supported by the fact that, in reality, the small intestine microbiota is far less dense (10 3 -10 7 CFU/g of intestinal content) and diverse when compared to the colon (10 11   -10 12 CFU/g of intestinal content). 32 As most of the gut-associated immune system is located in the small intestine, such scarce bacterial population is still sufficient to interact with the mucosa and trigger immune functions. 33 Moreover, recent advances in human milk analysis and understanding of its property show that it contains living microorganisms, including bifidobacteria, in small amounts (10 2 -10 4 CFU/mL). 12, 13 These bacteria and/or bacterial signatures likely contribute to postnatal immune education. 14, 34 These indications jointly support a rational for using a low amount of physiologically relevant bacterial inoculum with probiotics during the first weeks of life.
The absence of statistically significant difference between the three groups with respect to the total bifidobacteria counts further favors our initial hypothesis of a positive effect of low dose of B. lactis. Indeed, this observation can be brought together with the recognized bifidogenic effect of BM 35 and the reported capacity of regular dose of B. lactis in IF to restore BM-like levels of bifidobacteria in the gut of infants. 36 Interestingly, it was recently reported that relative abundance of commensal bifidobacteria and lactobacilli correlated with reduced risk of diarrhea, further suggesting that low dose of B. lactis may beneficially impact this latter outcome. 37 Noteworthy, this similar effect can be observed despite a lower rate of infants positive for fecal B. lactis in the low-dose group compared with the rate of the regular-dose group, which was here comparable to previous studies with regular dose. This lower rate reflects the difference in B. lactis feeding load between both groups that may lead B. lactis fecal levels below the detection limit.
Protection against infections early in life may be related to multifactorial parameters, such as quality of the microbiota, as already mentioned, and/or normal immune maturation. Age (month after birth) 1 4 12 Age (month after birth) 1 4 12 Age (month after birth) Response to vaccination is also currently accepted by expert panels (ILSI, 38 EFSA 39 ) as a valuable marker reflecting the evolution of the immune system responsiveness to foreign antigens. Demonstration of the efficacy of regular dose of B. lactis supplementing IF on vaccine responses in a C-section population has been recently reported in a placebo-controlled study. 17 Fecal anti-rotavirus-specific and anti-poliovirus-specific IgA levels postvaccination were both definitely increased in the B. lactis-supplemented group in comparison to IF without B. lactis. In the present study, no consistent differences could be observed between the three groups regarding antibody responses to the five different vaccines. Interestingly, when scarce statistical significant differences could be observed between the randomized groups and BF reference group, they were always in favor of a better vaccine response in the formula groups. In the particular case of HiB vaccine, this later observation can lead to clinical relevance as a protective antibody level threshold has been defined by the WHO (.1 µg/mL). 23 Indeed, the percentage of infants who reached anti-HiB protective antibody titers was substantially higher in infants fed with either IF containing regular or low doses B. lactis in comparison to those in the BF physiological reference groups (81.0% or 79.6% versus 51.9% respectively).
Finally, besides the already discussed defense-related outcomes of the host, we also investigated parameters addressing more physiological read-outs, such as gut maturation (fecal calprotectin and α1-antitrypsin) and growth (anthropometric z-scores). Both B. lactis-supplemented IF and BF reference groups behaved similarly. No safety concern is to be mentioned here.
In conclusion, the present study suggests that effects observed with regular-dose B. lactis-containing starter formula on diarrhea outcomes and immune responsiveness could be reached by feeding C-section born infants early in life with IF containing a lower dose of B. lactis.
